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Abstract 

Background: Aspergillus niger was selected as a host for producing itaconic acid due to its versatile and tolerant 
character in various growth environments, and its extremely high capacity of accumulating the precursor of 
itaconic acid: citric acid. Expressing the CAD gene from Aspergillus terreus opened the metabolic pathway towards 
itaconic acid in A. niger. In order to increase the production level, we continued by modifying its genome and 
optimizing cultivation media. 

Results: Based on the results of previous transcriptomics studies and research from other groups, two genes : gpdA 
encoding the glyceraldehyde -3-dehydrogenase (GPD) and hbdl encoding a flavohemoglobin domain (HBD) were 
overexpressed in A. niger. Besides, new media were designed based on a reference medium for A. terreus. To 
analyze large numbers of cultures, we developed an approach for screening both fungal transformants and various 
media in 96-well micro-titer plates. The hbdl transformants (HBD 2.2/2.5) did not improve itaconic acid titer while 
the gpdA transformant (GPD 4.3) decreased the itaconic acid production. Using 20 different media, copper was 
discovered to have a positive influence on itaconic acid production. Effects observed in the micro-titer plate 
screening were confirmed in controlled batch fermentation. 

Conclusions: The performance of gpdA and hbdl transformants was found not to be beneficial for itaconic acid 
production using the tested cultivation conditions. Medium optimization showed that, copper was positively 
correlated with improved itaconic acid production. Interestingly, the optimal conditions for itaconic acid clearly 
differ from conditions optimal for citric- and oxalic acid production. 



Background 

Itaconic acid is a white crystalline unsaturated C5 
dicarboxylic acid. Because of its specific favorable prop- 
erties and the unique structure, itaconic acid is used 
worldwide as monomer or co-monomer in manufactur- 
ing plastics, resins etc [1,2]. Its market price is around 2 
US$ per kilo [3]. Currently, itaconic acid is produced 
commercially by Aspergillus terreus (A terreus) via sub- 
merged fungal fermentations [3]. In a transcriptomics 
study in A. terreus, several itaconic acid-related genes 
were identified [4]. Among them, cadA encoding 
ds-aconitate decarboxylase (CAD) which is the key 
enzyme for itaconic acid production from citric acid in 



* Correspondence: an.li@tno.nl 

^NO Microbiology and Systems biology, P0 Box 360, 3700 AJ Zeist, The 
Netherlands 

Full list of author information is available at the end of the article 



the tri-carboxylic acid (TCA) cycle. Based on its high cit- 
ric acid producing capability and broad applicability in 
industry, Aspergillus niger (A. niger) was selected as a 
novel itaconic acid production host strain in recent 
work. Expression of cadA in A, niger leads to itaconic 
acid production in A. niger [4]. In our attempts to en- 
hance itaconic acid production levels in A. niger CAD 
strains we used genetic modification of the production 
host and medium optimization. 

A first target to enhance itaconic acid production in 
A. niger CAD transformants is glyceraldehyde- 3- 
phosphate dehydrogenase (GPD). GPD, encoded by 
gpdA is a key enzyme in glycolysis which converts 
glyceraldehyde-3-phosphate into biphosphoglycerate [5]. 
In our previous transcriptomics analysis, this gene is 
highly expressed under itaconic acid production condi- 
tions [4] and its function in biological pathway may 
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indicate a role in generating an increased flux through 
glycolysis towards the TCA cycle [5]. The relevance of 
increased glycolytic flux in itaconic acid production is 
also suggested by the results of Tevz and co-workers 
[6]. They show that overexpression of a modified pfkA 
gene (encoding 6-phosphofructo-l -kinase) from A. niger 
in A. terreus results in enhanced itaconic acid production, 
probably due to increased glycolytic flux Therefore, over- 
expression of gpdA in A. niger CAD strains might increase 
itaconic acid producing level via enhanced glycolytic flux. 

The second target to enhance itaconic acid production 
in A. niger CAD transformants is Favohemoglobin (Fhb), 
as heterologous Fhb overexpression has been shown to 
enhance itaconic acid production in A terreus [7] . In our 
study, over-expression of fungal hemoglobin domain 
(HBD, encoded by hbdl) in A. niger is used as a poten- 
tial enhancer of itaconic acid production. 

In addition to genetic modification of A. niger, we also 
focused on development of an itaconic acid production 
medium for Aspergillus niger. Medium optimization for 
A. niger and A. terreus has been carried out over the last 
40 years. Media for citric acid and itaconic acid produc- 
tion were accomplished by various research groups [8- 
13]. The required medium components for these two 
organic acids are quite comparable: high concentration 
of glucose (7.5-15 %) and magnesium sulfate, low nitro- 
gen and phosphorus, low but adequate levels of zinc, 
copper and iron, limited manganese (around 10 ppb). 
Since the existing industrial itaconic acid production 
medium for A. terreus has not yet been adapted to A. 
niger, we aimed for an optimized itaconic acid produc- 
tion medium for A. niger. As citric acid is the potential 
substrate of itaconic acid in A. niger, in our medium de- 
sign the composition of citric acid production medium 
was considered as well. 



Methods 

Strains /plasmids /Fungal transformation 

The uridine auxotrophic A. niger strains AB 1.13 and AB 
1.13 CAD 10.1 pyrG- which was derived from AB 1.13 
via cadA insertion [4] were used as parental strain for A. 
niger transformation. The plasmid used for overexpres- 
sing gpdA contained a 5.5 kb Pstl A. niger fragment, in- 
cluding the gpdA gene, in pUC19 (pAB 5-1 [14]). The 
plasmid for overexpression of hbdl (pHBN) was previ- 
ously described [15]. The plasmid pAB 4.1 [16] contain- 
ing the pyrG + gene was used as a selection marker for 
co-transformation. To over-express gpdA and hbdl in 
the A. niger CAD strain, the plasmids pAB 5-1 and 
pHBN were co- transformed with pAB4-l respectively. 
All transformants were further selected for their ability 
to growth on Minimal Medium plates (Vogels medium) 
without uridine. 



A. niger transformants screening 

For screening and selection of AB 1.13 CAD + GPD and 
HBD transformants, 96-wells micro-titer plates (Costar® 
3799, round bottom with lid) were filled with A. niger cul- 
tivation medium, 250 \A medium per well. The inner 60 
wells were inoculated with spores from target strains, 
using sterilized tooth picks. The outermost wells of the 
plate were kept empty to prevent the effect of evaporation. 
In order to prevent contamination, each cultivation plate 
was sealed with a sterilized oxygen permeable film directly 
after spore inoculation. At the end of cultivation (72 hours 
for the first batch and 50 hours for the second batch), cul- 
tures were harvested and used for HPLC analysis. 

Medium design and culture conditions 

Based on the reference medium (Medium 1[4], Table 1) , 
19 new media were generated by differing one compo- 
nent or its amount compared to the reference medium 
(Table 2). To find changes compared to the reference 
medium, the amount of the differing component was ei- 
ther the maximal or the minimal value of the one used 
in literature before. To generate a suitable medium for 
itaconic acid production in A. niger transformants, 20 
media and including the reference were analyzed in trip- 
licate. To prevent cross contamination, each plate was 
inoculated with only one transformant. For further 
media improvement, media which showed a positive ef- 
fect on itaconic acid production were combined and 
concentration ranges were extended. 

After seeding, all plates were directly sealed with an 
oxygen permeable film (Sealing film sterile, breathable 
M20193, Dispolab the Netherlands), placed in a plastic 
air bag and cultivated in a 33 °C, 850 rpm incubator 
(Microtron, Infos-ht) for 72 hours (first batch) or 50 
hours (second batch). 

Controlled batch fermentations were carried out as fol- 
lows: Media were prepared in demineralized water. Pre- 
cultures of 100 ml (10 6 spores/ml) in 500 ml baffled Erlen- 
meyer flasks were inoculated for two days. As described 
previously [4], fermentations were carried out in 5 L 
Benchtop Fermentors (BioFlo 3000, New Brunswick Sci- 
entific Co., Inc.), at 33 degree. Air was used for sparging 
the bioreactor at a constant flow of 0.25 wm (vol. gas (vol. 
liquid" 1 min" 1 ), dissolved oxygen tension (D.O.) was main- 
tained minimal at 25 % coupled with stirred speed of 400- 
1000 rpm, pH was initiated at 3.5 adjusted by 1.5 M 
H3PO4 (acid) and kept at 2.3 by addition of 4 M KOH 
(base). Struktol (Schill and Seilacher) was applied as anti- 
foam agent though-out the fermentation. 

Metabolite analysis 

For metabolite analysis, 100 \A medium was pipetted 
from each culture to total recovery vials for High per- 
formance liquid chromatography (HPLC) analysis. Two 
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Table 1 Composition of the 20 cultivation media. 1 is the reference medium of itaconic acid production by A. terreus 
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2 
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4 


5 


6 
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8 
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10 




g/L 


g/L 


g/L 


g/L 


g/L 


g/L 


g/L 


g/L 


g/L 


g/L 


Glucose 


100 


50 


140 


100 


100 


100 


100 


100 


100 


100 


NaN03 








0.5 


2.4 












(NH4)2S04 


2.36 


2.36 


2.36 










2.36 


2.36 


2.36 


NH4N03 












3.1 


5 








KH2P04 


0.1 1 


0.1 1 


0.1 1 


0.1 1 


0.1 1 


0.1 1 


0.1 1 


3 


0.1 1 


0.1 1 


MgS04 x 7 H20 


0.5 


0.5 


0.5 


0.5 


0.5 


0.5 


0.5 


0.5 


0.24 


2.2 


CuS04 * 5 H20 


0.0002 


0.0002 


0.0002 


0.0002 


0.0002 


0.0002 


0.0002 


0.0002 


0.0002 


0.0002 


FelllS04 * 7 H20 


0.0055 


0.0006 


0.0006 


0.0006 


0.0006 


0.0006 


0.0006 


0.0006 


0.0006 


0.0006 


FeCB 






















MnCI2 * 4 H20 


0.0007 




















ZnS04 * 7 H20 


0.0013 


0.0006 


0.0006 


0.0006 


0.0006 


0.0006 


0.0006 


0.0006 


0.0006 


0.0006 


NiCI2 * 6 H20 






















KCI 






















NaCI 


0.074 


0.074 


0.074 


0.074 


0.074 


0.074 


0.074 


0.074 


0.074 


0.074 


CaCI2 * 2 H20 


0.13 


0.13 


0.13 


0.13 


0.13 


0.13 


0.13 


0.13 


0.13 


0.13 
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2.45 


2.45 


2.45 


2.45 


2.45 


2.45 


2.45 


2.45 


2.45 
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g/L 
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100 
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100 


100 


100 
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2.36 
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0.1 1 
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0.1 1 


0.1 1 


0.1 1 


0.1 1 


0.1 1 
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MgS04 x 7 H20 
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0.5 


0.5 


0.5 


0.5 


0.5 


CuS04 * 5 H20 




0.0025 
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0.0006 


0.0006 


0.0006 


NiCI2 * 6 H20 
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0.52 


NaCI 
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0.074 


0.074 


0.074 


0.074 


0.074 


0.074 


0.074 


2 




CaCl2 * 2 H20 


0.13 


0.13 


0.13 


0.13 


0.13 


0.13 


0.13 


0.13 


0.2 




Uridine 


2.45 


2.45 


2.45 


2.45 


2.45 


2.45 


2.45 


2.45 


2.45 


2.45 



analysis detection facilities were applied. The one from 
Waters Cooperate an 87 H-Aminex organic acids col- 
umn (Bio-red), with 0.5 M H 2 S0 4 as eluent and a Photo- 
diode Array (PDA) detector for organic acids and 
Refractive Index (RI) detector for sugar like compounds. 
The other from Thermo Fisher (Dionex ICS 3000), ana- 
lyzing organic acids through an organic acids column 
IonPac® ICE AS6, with 1.6 mM Heptafluorobutyric acid 
as eluent and a detector of suppressed conductivity 
CD25. Standard compounds (oxalic acid, gluconic acid, 
citric acid, ds-aconitic acid and itaconic acid) with 



concentrations of 100 mg/L, 200 mg/L, 500 g/L, 750 
mg/L, 1000 mg/L and 2000 mg/L were used for 
calibration. 

Results 

Host strain selection and modification 

The itaconic acid producing strain AB 1.13 CAD 10.1 
pyrG- (CAD 10.1) was selected from a limited number 
of cadA transformants [4]. In an attempt to isolate a fur- 
ther improved itaconic acid producing strains, new 
transformants were generated. More than 90 colonies 
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Table 2 Media components and their ranges from 



literature studies used for optimization 



Media optimization 
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CuS04 x 5 H20 
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0.0025 


[4] 


Fe 


Fe2S04 x 7 H20 
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0.0138 


[4,28] 




FeCl3 


0.0006 


0.0001 


[4,9] 


Mn 


MnCI2 x 4 H20 
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0.007 


[11,27] 


Zn 


ZnS04 x 7 H20 


0.0006 


0.022 


[12] 
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NiCI2 x 6 H20 
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0.0005 


[4] 


K 
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0.52 


0.52 


[4] 




NaCI 


0,074 


2 


[4,27] 




CaCI2 * 2H20 


0,13 


0,2 


[4,27] 



were screened for their itaconic acid production in a 96 
well micro-titer plate together with CAD 10.1 as a refer- 
ence. As presented in Figure 1A, strain CAD 10.1 is 
shown to be among the best itaconic acid producing 
strains. Therefore, this strain was used for further gen- 
etic modification. 

To improve itaconic acid production level, the glyceral- 
dehyde dehydrogenase gene (gpdA) and the gene 
encoding a fungal hemoglobin domain (hbdl) were co- 
transformed with the pyrG + marker into the selected host 
AB 1.13 CAD 10.1. To select improved itaconic acid- 
producing co-transformants, 14 gpdA and 23 hbdl trans- 
formants were screened in 96 well micro-titer plate using 
reference medium [4]. Three strains from each HBD and 
GPD differing most strongly from CAD 10.1 were selected 
and analyzed for the presence for extra hbdl or gpdA gene 
copies by Southern Blot analysis (Figure IB). 

Two of the three selected hbdl strains (HBD 2.2, HBD 
2.5) with improved itaconic acid titers contained one 
(extra) hbdl gene copies compared to CAD 10.1. Unex- 
pectedly, only strain GPD 4.3 which actually has lower 
itaconic acid titer is a true gpdA transformant (contain- 
ing 4 extra gene copies), the other two strains are just 
pyrG + transformants from CAD 10.1. We selected the 
two hbdl co-transformants (HBD 2.2/2.5), the gpdA co- 
transformant (GPD 4.3) and two pyrG + transformants 
of CAD 10.1 (pyr + 4.1/4.14) for further analysis of dif- 
ferent cultivation media. 

Culture medium design 

To optimize the production medium, 19 new media 
were generated based on the reference medium from 



A. terreus [4], by varying several components or their 
concentrations per medium (Tables 2, 1). To be able to 
compare many transformants and media components in 
one batch, a micro-titer plate screening was used. 

After cultivation for about 70 hours, cultures from 
each medium were analyzed for itaconic acid production 
using HPLC. As indicated in Figure 2A, in comparison 
to reference medium 1, all strains showed increased ita- 
conic acid production in Medium 12. In this medium, 
both pyrG + strains have even higher amount of itaconic 
acid production than the hbdl and gpdA strains 
(Figure 2A). In contrast, medium 11 and 13 yield the 
lowest itaconic acid production. Moreover, transfor- 
mants grown in medium 8 and 20 also show improved 
itaconic acid production compared to the reference, ex- 
cept for transformant GPD 4.3. GPD 4.3 has generally 
low production level compared to other strains through 
all 20 media. The itaconic acid inducing components in 
the best media are phosphate (M8), copper (M12) and 
potassium (M20). The production pattern of citric acid 
is quite similar to itaconic acid in medium 8, 11, 12 and 
13 (Figure 2B). In contrast, medium 4 provided high cit- 
ric acid but low itaconic acid production. Medium 7 and 
19 showed improved itaconic acid production only to 
the pyrG + strains. Based on the obtained results, we 
have retested a subset of the above mentioned media (8, 
11, 12, 13, 20) and a newly designed medium (M20+) 
which combined the potentially itaconic acid inducing 
attributes (phosphorus 3 g/L, copper 0.0025 g/L and po- 
tassium 0.52 g/L) from medium 8, 12 and 20. Results are 
shown in Table 3. This time, strain FHB 2.5 was tested 
together with the reference strain pyr + 4.1 in triplicate. 
Similar results were obtained as in the initial screen. 
Medium 12 still yields the best itaconic acid production, 
whereas M20+ did not further improve production. In 
total, the standard deviations of the micro-titer plate 
screening results were less than 6 %. No oxalic acid was 
produced in the micro-titer plate cultivations. 

Effect of copper on organic acids production in batch 
fermentation 

The levels of itaconic acid, citric acid and oxalic acid 
of A. niger transformant AB 1.13 CAD pyr + 4.1 in 
medium 12 containing three concentrations of copper 
were analyzed. As presented in Figure 3A, the produc- 
tion rate of itaconic acid is positively correlated with 
the copper concentration while this correlation is dif- 
ferent for citric acid (Figure 3B) and oxalic acid 
(Figure 3C). In the low-copper medium (0.005 mM 
Cu 2+ ), high levels of oxalic acid are accumulated 
whereas the highest amount of citric acid is produced 
in the medium-copper medium. In addition to organic 
acids, we determined biomass and glucose consump- 
tion. Glucose consumption of A. niger strain AB 1.13 
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o 

strain 

■ AB 1.13 CAD 10.1 ♦ AB 1.13 CAD +GPD AB 1.13 CAD + HBD 

Figure 1 Itaconic acid production of A niger transformants. A): Itaconic acid HPLC analysis of micro titer plate screening of A niger CAD 
transformants. B): Itaconic acid screening results in micro-titer plate for the selected GPD and HBD transformants. The parental strain CAD 10.1 
was used as a control. The transformants with the highest production and lowest production surrounded by an oval circle were selected further 
for Southern blot analysis. 

V J 



CAD pyr + 4.1 among all three media is nearly the 
same (Figure 4). Increase in biomass showed a strong 
positive correlation with copper levels (Figure 4). The 
three main organic acids were quantified and the 



average concentrations (g/L) of duplicate measure- 
ments are listed in Table 4. As indicated, a two fold 
increase of the percentage of itaconic acid is obtained 
in the high-copper medium. (Table 4). 



A) 



Itaconic acid 



AB 1.13 CAD pyr+ 4.1 

■ AB 1.13 CAD pyr+4.14 

■ AB 1.13 CAD + HBD 2.2 

■ AB 1.13 CAD + HBD 2.5 

■ AB 1.13 CAD + GPD 4.3 




B) 



Citric acid 



AB1.13 CAD pyr+4.1 

■ AB1.13 CAD pyr+4.14 

■ AB1.13 CAD + HBD 2.2 

■ AB 1.13 CAD + HBD 2.5 

i 1.13 CAD + GPD 4.3 




1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
medium type 

Figure 2 Itaconic acid and citric acid production of A niger in different media. Itaconic acid (2A) and Citric acid (2B) level in micro-titer 
screening cultures using 20 different media. Standard deviations were less than 6 %. 
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Table 3 Itaconic acid level in micro-titer screening culture 
of strain AB 1.13 CAD + GPD 4.3 and AB 1.13 CAD + FHB 
2.5 with media 1, 8, 1 1, 12, 13, 20 and 20+ (20+: 
combined medium of 8, 12 and 20) 





GPD 4.3 


FHB 2.5 


Medium 


Itaconic acid (g/L) 


Itaconic acid (g/L) 


1 


0.134 (±0.014) 


0.134 (±0.025) 


8 


0.238 (±0.000) 


0.249 (±0.059) 


11 


0.127 (±0.017) 


0.072 (±0.032) 


12 


0.260 (±0.016) 


0.289 (±0.050) 


13 


0.168 (±0.011) 


0.076 (±0.020) 


20 


0.237 (±0.001) 


0.218 (±0.028) 


20+ 


0.080 (±0.011) 


0.230 (±0.020) 



Discussion 

Shake flask cultures are commonly used for screening 
of new A. niger transformants [10,17]. However, for 
analysis of large numbers of transformants, this ap- 
proach is not entirely suitable. Therefore, we used 96- 
well plates for screening transformants similar to the 
methods described previously [18,19]. The screening 
results are consistent since the standard deviations are 
less than 6 %. 



As suggested in our previous study we introduced 
extra copies of gpdA in A. niger strain CAD 10.1 in order 
to improve itaconic acid production via molecular modi- 
fication [4]. In addition, based on the research of the 
hemoglobin domain in A terreus [7] and A. oryzae [20], 
extra copies of hbdl were introduced in A. niger strain 
CAD 10.1 to increase the production level of itaconic 
acid. Co-transformation resulted in strains with 
increased itaconic acid levels compared to the parental 
strain. However, comparison to pyrG + complemented 
transformants showed that the increase was the results 
of complementation of the uridine deficiency alone. Sur- 
prisingly, a gpdA transformant produced only half 
amount of itaconic acid in comparison to the parental 
strain. However, more detailed analysis of this strain in 
controlled fermentation did not show significant differ- 
ences with the control strain. This may indicate that the 
observed effect is specific for plate conditions. Although 
this shows that gpdA expression and itaconic acid pro- 
duction were related, forced over-expression in A. niger 
did not result in increased itaconic acid levels without 
extending the cultivation period. 

Based on the various itaconic acid and citric acid pro- 
duction media described in literature (Table 2), we 
designed 20 media by modifying the amount of various 




0 20 40 60 80 100 120 140 160 180 

EFT hrs 

Figure 3 Itaconic-, citric- and oxalic acid production in fermentation media of A. niger. Organic acid content (itaconic- citric- and 
oxalic- acid) of A niger strain AB 1.13 CAD pyr + in Medium 12 with varying copper concentration. (♦ — Medium12-Cu with 0.005 mM Cu 2+ ; 
■ — Medium12 with 0.01 mM Cu 2+ ; ▲ — Medium12 + Cu with 0.02 mM Cu 2+ ) (EFT: Electronic Fermentation Time). 
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A. niger fermentation biomass (AB 1.13 CAD pyr+ 4.1) 




0 20 40 60 80 100 120 140 160 180 

EFT hrs 

—♦—Medium 12- Cu -»-Medium12 —±— Medium12 + Cu 
Glucose (M12-Cu) — +— Glucose (M 12) -«-Glucose (M12 + Cu) 



Figure 4 Biomass growth and glucose consumption of A. niger in fermentations with varying copper concentrations. Biomass 
determination of mycelium in batch fermentation (♦ — Medium 12-Cu with 0.005 mM Cu 2+ ; ■ — Medium12 with 0.01 mM Cu 2+ ; A — Medium12 + 
Cu with 0.02 mM Cu 2+ ). The glucose consumption of three batch fermentations were shown on the secondary Axis (X — Medium12-Cu with 
0.005 mM Cu 2+ ; □— Medium12 with 0.01 mM Cu 2+ ; •— Medium12 + Cu with 0.02 mM Cu 2+ ). 



components in reference medium Ml (Table 1). 
Medium 8, 12 and 20 were shown to have a positive ef- 
fect on itaconic acid production while medium 11 and 
13 had a negative effect (Figure 2A). Nevertheless, all of 
these five media had high glucose concentration of 10 %, 
which had been identified as an important condition for 
producing organic acids [13,21]. The positive effects 
were observed with extra Cu 2+ (M12) or phosphorus 
(M8), or replacing Na + and Ca 2+ with K + (M20). Lack of 



due to its limitation in the used medium [22]. Similarly, 
the effect of K + has also not been documented 
previously. 

Since detailed analysis on trace metal concentration in 
A niger media showed that citric acid production could 
be increased by combining low levels of Mn 2+ with high 
levels of Fe 2+ [11], and because Fe 2+ is a cofactor of 
hemoglobin to bind oxygen, we investigated this com- 
bination using medium 13. This medium contained a 



Cu z+ (Mil) or increment of ¥e z+ (M13) were shown to high concentration of Fe + and no Mn + . However, nei- 



result in decreased itaconic acid accumulation. The ef- 
fect of phosphorous to organic acids production has not 
yet been demonstrated, except for a positive trend seen 



ther the itaconic acid nor the citric acid level was 
improved in our 96-well screen. So, probably under lim- 
ited oxygen supply in this micro-titer cultivation 



Table 4 Itaconic acid levels among the main three organic acids (itaconic-, citric- and oxalic acid) in batch cultivation 
using different copper concentrations 

Itaconic acid g A Citric acid g A Oxalic acid g A Itaconic acid percentage from the total organic acids 

Medium12 - Cu 

108 hrs 0.086 1.774 5.851 10% 

144 hrs 1.226 3.323 9.722 9% 

168 hrs 1.453 3.857 11.557 9% 
Medium 12 

108 hrs 1.052 6.975 0.050 13% 

144 hrs 1.490 8.877 0.062 14% 

168 hrs 1.639 8.923 0.093 15% 
Medium12 + Cu 

108 hrs 1.430 5.128 1.262 18% 

144 hrs 1.768 6.229 1.453 19% 

168 hrs 1.945 6.570 1.473 20% 



The levels are averages of the duplicate measurements (g/L) (end concentrations deviate less than 5 %). 
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condition, the oxygen uptake in medium 13 had not 
been improved compared to medium 1. 

Unexpectedly, itaconic acid production was not fur- 
ther improved by combining the maximal value of the 
positive components of M8, 12, 20 in one medium. In 
addition, the media yielding improved itaconic acid pro- 
duction were not the same as the ones for citric acid. 

Based on the results of our micro-titer plate screen- 
ings, we studied the influence of copper in the batch cul- 
tivation of Aspergillus niger strain AB 1.13 CAD pyr + 
4.1. Itaconic acid production level was proved to be 
positively related with copper concentration in the 
medium. Moreover, the best itaconic acid producing 
condition was medium 12 with 0.02 mM Cu 2+ , which 
yielded a 2.5 folds increase in itaconic acid production 
compared to the reference medium (Figure 3) [4]. Al- 
though the percentage of itaconic acid (20 %) among the 
total organic acids is lower in comparison to our previous 
study (80 %), the production level is two folds higher. In 
this respect, it was interesting to note that A. niger was the 
most copper tolerant among 11 fungal species especially 
under low pH conditions [23], allowing the use of copper 
for enhancing itaconic acid production in this species. In 
our cultivations, copper increment had no toxic effect on 
biomass growth. Besides, copper ions could increase the 
production of citric acid as well. The research group of 
Haq found 0.015 mM of Cu 2+ could increase the product- 
ivity of citric acid by A. niger [24,25]. Similarly in our re- 
search with A. niger strain AB 1.13 CAD pyr + 4.1, highest 
citric acid production was observed using 0.01 mM Cu 2+ . 

Although our current itaconic acid production level 
(2 g/L) is clearly lower than the levels reached using 
A. terreus, we improved the level with two folds com- 
pared to our previous study. As illustrated here, medium 
components influence itaconic acid production levels by 
A. niger. The fermentation results also indicate that opti- 
mal citric acid production conditions were different 
from optimal itaconic acid production conditions. Our 
opinion is that the itaconic acid production using 
A. niger is very promising, in particular if high yielding 
citric acid producing strains would be used [12]. As cur- 
rently this strain produces more citric acid and oxalic 
acid than itaconic acid, there is opportunity to further 
improve itaconic acid production by eliminating oxalic 
acid [26] and a better conversion of citric acid. More- 
over, additional process parameters such as temperature, 
pH, and dissolved oxygen tension could also be 
explored. Furthermore, to obtain optimal product for- 
mation, more elaborate research might be required 
based on our initial transcriptomics research [4]. 

Conclusions 

In this study, itaconic acid production level has been sig- 
nificantly improved. We conclude that micro-titer plate 



cultivation is suitable for screening large numbers of 
fungal strains or comparison of various media. Copper is 
shown to be positively correlated with improved itaconic 
acid production. Although the role of copper in the 
metabolic pathway of organic acids is not yet clear, this 
new insight will allow further medium optimization [4]. 
The performance of gpdA and hbdl transformants in 
itaconic acid production was not better than the non- 
transformed control. The optimal conditions for itaconic 
acid production are clearly different from those optimal 
for citric acid or oxalic acid production. Further research 
is required for itaconic acid production improvement. 

Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

AL carried out the strain modification, medium study in the controlled batch 
cultivation, metabolite analysis and drafted the manuscript. NP participated 
in the strain modification, medium design and screening. RZ joined the 
medium study in controlled batch cultivation and related metabolite 
analysis. PP supervised the study and approved the final manuscript. All 
authors read approved the final manuscript. 

Acknowledgements 

We thank Dr. Jorg Brunner for his valuable comments to the manuscript. 
This study was funded by TNO, PO Box 360, 3700 AJ Zeist, The Netherlands. 

Author details 

] TNO Microbiology and Systems biology, PO Box 360, 3700 AJ Zeist, The 
Netherlands. 2 Molecular Microbiology & Biotechnology Leiden University, 
Universiteit Leiden, Postbus 9500, 2300 RA Leiden, Netherlands. 

Received: 13 January 2012 Accepted: 20 August 2012 
Published: 27 August 2012 

References 

1. Tate BE: Itaconic acid and derivatives. Kirch-Othmer. Encycl Chem Technol 
1981, 13:865-873. 

2. Miall LM: Organic acids. Econ Microbiol 1 978, 2:48-1 1 9. 

3. Okabe M, Lies D, Kanamasa S, Park EY: Biotechnological production of 
itaconic acid and its biosynthesis in Aspergillus terreus. Appl Microbiol 
Biotechnol 2009, 84:597-606. 

4. Li A, van Luijk N, ter Beek M, Caspers M, Punt P, van der Werf M: A clone- 
based transcriptomics approach for the identification of genes relevant 
for itaconic acid production in Aspergillus. Fungal Genet Biol 201 1, 
48:602-611. 

5. Hanegraaf PPF, Punt PJ, Van Den Hondel CAMJ, Dekker J, Yap W, Van 
Verseveld HW, Stouthamer AH: Construction and physiological 
characterization of glyceraldehyde-3-phosphate dehydrogenase 
overproducing transformants of Aspergillus nidulans. Appl Microbiol 
Biotechnol 1991, 34:765-771. 

6. Tevz G, Bencina M, Legisa M: Enhancing itaconic acid production by 
Aspergillus terreus. Appl Microbiol Biotechnol 2010, 1-8. 

7. Lin YH, Li YF, Huang MC, Tsai YC: Intracellular expression of Vitreoscilla 
hemoglobin in Aspergillus terreus to alleviate the effect of a short break 
in aeration during culture. Biotechnol Lett 2004, 26:1067-1072. 

8. Bressler E, Braun S: Conversion of citric acid to itaconic acid in a novel 
liquid membrane bioreactor. J Chem Technol Biotechnol 2000, 75:66-72. 

9. Dai Z, Mao X, Magnuson JK, Lasure LL: Identification of Genes Associated 
with Morphology in Aspergillus niger by Using Suppression Subtractive 
Hybridization. Appl Environ Microbiol 2004, 70:2474-2485. 

10. De Jongh WA, Nielsen J: Enhanced citrate production through gene 
insertion in Aspergillus niger. Metob Eng 2008, 10:87-96. 

1 1 . Guilherme AA, Pinto AS, Rodrigues S: Optimization of trace metals 
concentration on citric acid production by aspergillus niger NRRL 2001. 
Food Bioprocess Tech 2008, 1 :246-253. 



Li et al. BMC Biotechnology 201 2, 12:57 Page 9 of 9 

http://www.biomedcentral.eom/1 472-6750/1 2/57 



12. Lotfy WA, Ghanem KM, El-Helow ER: Citric acid production by a novel 
Aspergillus niger isolate: II. Optimization of process parameters through 
statistical experimental designs. Bioresource Technol 2007, 98:3470-3477. 

13. Papagianni M: Advances in citric acid fermentation by Aspergillus niger: 
Biochemical aspects, membrane transport and modeling. Biotechnol Adv 
2007, 25:244-263. 

14. Punt PJ, Schuren FHJ, Lehmbeck J, Christensen T, Hjort C, Van Den Hondel 
CAMJ: Characterization of the Aspergillus niger prtT, a unique regulator 
of extracellular protease encoding genes. Fungol Genet Biol 2008, 

45:1591-1599. 

15. te Biesebeke R, Boussier A, Van Biezen N, Braaksma M, van den Hondel CA, 
De Vos WM, Punt PJ: Expression of Aspergillus hemoglobin domain 
activities in Aspergillus oryzae grown on solid substrates improves 
growth rate and enzyme production. Biotechnol J 2006, 1:822-827. 

16. Van Hartingsveldt W, Mattern IE, Van Zeijl CMJ: Development of a 
homologous transformation system for Aspergillus niger based on the 
pyrG gene. Mol Gen Genet 1987, 206:71-75. 

17. Poulsen BR, N0hr J, Douthwaite S, Hansen LV, Iversen JJL, Visser J, Ruijter 
GJG: Increased NADPH concentration obtained by metabolic engineering 
of the pentose phosphate pathway in Aspergillus niger. FEBS J 2005, 
272:1313-1325. 

18. Alberto F, Navarro D, De Vries RP, Asther M, Record E: Technical advance in 
fungal biotechnology: Development of a miniaturized culture method 
and an automated high-throughput screening. Lett Appl Microbiol 2009, 
49:278-282. 

19. Meyer V, Wu B, Ram AFJ: Aspergillus as a multi-purpose cell factory: 
Current status and perspectives. Biotechnol Lett 201 1, 33:469-476. 

20. te Biesebeke R, Levasseur A, Boussier A, Record E, Van Den Hondel CAMJ, 
Punt PJ: Phylogeny of fungal hemoglobins and expression analysis of the 
Aspergillus oryzae flavohemoglobin gene fhbA during hyphal growth. 
Fungal Biol 2010, 114:135-143. 

21. Bentley R, Thiessen CP: Biosynthesis of itaconic acid in Aspergillus terreus. 
II. Early stages in glucose dissimilation and the role of citrate. J Biol Chem 
1957, 226:689-701. 

22. Soccol CR, Vandenberghe LPS, Rodrigues C, Pandey A: New perspectives 
for citric acid production and application. Food Technol Biotechnol 2006, 
44:141-149. 

23. Starkey RL: Effect of pH on Toxicity of Copper to Scytalidium sp., a 
Copper-tolerant Fungus, and Some Other Fungi. J Gen Microbiol 1973, 
78:217-225. 

24. Ali S, Haq IU: Role of different additives and metallic micro minerals on 
the enhanced citric acid production by Aspergillus niger MNNG-115 
using different carbohydrate materials. J Basic Microb 2005, 45:3-1 1. 

25. Haq IU, Ali S, Qadeer MA, Iqbal J: Effect of copper ions on mould 
morphology and citric acid productivity by Aspergillus niger using 
molasses based media. Process Biochem 2002, 37:1085-1090. 

26. Ruijter GJG, Van de Vondervoort PJI, Visser J: Oxalic acid production by 
Aspergillus niger: an oxalate-non-producing mutant produces citric acid 
at pH5 and in the presence of manganese. Microbiology 1999, 
145:2569-2576. 

27. Riscaldati E, Moresi M, Federici F, Petruccioli M: Effect of pH and stirring 
rate on itaconate production by Aspergillus terreus. Biotechnol J 2000, 
83:219-230. 

28. Diano A, Bekker-Jensen S, Dynesen J, Nielsen J: Polyol synthesis in 
Aspergillus niger: Influence of oxygen availability, carbon and nitrogen 
sources on the metabolism. Biotechnol Bioeng 2006, 94:899-908. 



doi:1 0.1 1 86/1 472-6750-1 2-57 

Cite this article as: Li et al.: Enhanced itaconic acid production in 
Aspergillus niger using genetic modification and medium optimization. 

BMC Biotechnology 201 2 1 2:57. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



